Introduction
Menin, the protein encoded by the MEN1 (multiple endocrine neoplasia type 1) tumor suppressor gene, resides mainly in the nucleus (Guru et al., 1998) and interacts with JunD, a member of the AP1 (activation protein 1) family of transcription factors Gobl et al., 1999) . The AP1 family consists of both jun (JunD, JunB, c-jun and v-jun) and fos (c-Fos, FosB, Fra-1 and Fra-2) proteins . All family members share a well-conserved basic DNA binding domain and a leucine zipper dimerization motif (bZIP). Dimerization is required for binding to a speci®c DNA sequence known as the TPA (12-Otetradecanoylphorbol-13-acetate) responsive element (TRE). TRE sequences have been identi®ed in the regulatory regions of many genes important for cell proliferation, e.g., collagenase, stromelysin, metallothionin IIA, TGF b (Angel et al., 1987; Lee et al., 1987; Kerr et al., 1990 , Kim et al., 1990 and in the enhancers and promoters of numerous other genes (Wisdom et al., 1999) .
JunD is the only AP1 family member to which menin binds directly . JunD has other characteristics dierent from those of the remaining jun proteins. JunD is the only AP1 protein upregulated during cell quiescence (Pfarr et al., 1994) . JunD levels are higher in cells in the G 0 /G 1 phases of the cell cycle (Pfarr et al., 1994; Lallemand et al., 1997) . When overexpressed, JunD slows growth in various cell lines (Metivier et al., 1993; Pfarr et al., 1994; Lallemand et al., 1997) , and also antagonizes growth in RAS-transformed cells (Pfarr et al., 1994) . In contrast, c-jun is an immediate early gene, promoting entry into S/G 2 and M phases of the cell cycle (Pfarr et al., 1994; Lallemand et al., 1997) , can transform a variety of cells when overexpressed (Metivier et al., 1993) , and when overexpressed acts cooperatively with RAS to transform cells (Alani et al., 1991; Pfarr et al., 1994) . Homozygous disruption of c-jun or JunB results in embryonic lethality (Hilberg et al., 1993; Johnson et al., 1993; Schropp-Kistner et al., 1999) , while JunD 7/7 mice are viable (Thepot et al., 2000) . Additionally, menin represses JunD transcriptional activity, whereas it augments the transcriptional activity of c-jun .
The jun proteins share a high degree of homology except in their N-terminal 95 amino acid region (Berger and Shaul, 1991) . It is also within this region (amino acids 8 ± 70 of JunD) that JunD binds menin . Evidence that the 8 ± 70 amino acid region of JunD is critical for its putative tumor suppressor function includes a study which demonstrates that chimeric JunD proteins containing amino acid 1 ± 79 of c-jun develop the ability to transform cells when overexpressed (Metivier et al., 1993) . Thus, it is conceivable that the amino acid 1 ± 79 portion contains unique binding sites and/or properties that confer upon c-jun the ability to transform cells. Similarly, the ability of JunD to antagonize cell growth and transformation could depend upon its ability to bind menin in this region.
MEN1 is a disorder characterized by various combinations of tumors of parathyroid, anterior pituitary, enteropancreatic, foregut carcinoid, skin and other tissues (Marx, 1998) . It is caused by heterozygous inactivating germline mutations in the MEN1 tumor suppressor gene located on chromosome 11q13 and the subsequent inactivation of the normal allele in the tumor tissue Agarwal et al., 1997; Lemmens et al., 1997; Bartsch et al., 1998; Bassett et al., 1998; Giraud et al., 1998; Mutch et al., 1999; Poncin et al., 1999; Teh et al., 1998; Hai et al., 1999) . MEN1 mutations also occur as somatic mutations accompanied by 11q13 LOH in sporadic MEN1-like tumors including gastrinomas, insulinomas, parathyroid adenomas, bronchial carcinoid tumors, and angio®bromas (reviewed in .
Overexpressed menin can partially revert the properties of RAS-transformed NIH3T3 cells . This supports the tumor suppressor role for menin.
Several naturally occurring menin missense mutations, speci®cally in the region from amino acids 139 ± 242, interfere with its ability to bind JunD, suggesting that the menin-JunD interaction may be crucial to menin's tumor suppressor function . To understand further the importance of the menin-JunD interaction, we sought to identify JunD mutants that lack menin binding and to compare the eect of menin on the transcriptional activity of JunD mutants that bind or that do not bind menin.
Results

Random mutagenesis and screening of human JunD amino acids critical for menin binding
The menin-interacting region of human JunD (amino acids 1 ± 70) was randomly mutated by forced-PCR and fused in-frame with the Gal4 activation domain (Gal4AD). A pooled plasmid library of mutated JunD was screened with Gal4 DNA binding domain-menin fusion (Gal4DBD-menin) as the bait using a reverse yeast two-hybrid screen (Vidal et al., 1996) . This method uses a yeast strain (e.g. MaV203) that possesses a URA3 gene under the control of GAL4 upstream activating sequences (UAS) in addition to the GAL4-LacZ reporter gene. Addition of 5-¯uoroorotic acid (5-FOA) is toxic to yeast expressing the URA3 gene product. Therefore, in a two-hybrid assay in the presence of 5-FOA, cells expressing a JunD or JunD mutant protein that interacts with menin will die whereas interaction-defective clones will survive. This allowed for the selection of JunD mutants that did not interact with menin. Non-interaction was also con®rmed by the presence of white colonies in the bgalactosidase assay in which the LacZ reporter was not activated due to lack of mutant JunD and menin interaction. DNA sequence changes that lead to disruption of menin interaction were obtained by isolating the GAL4AD-fusion plasmids from the yeast clones and sequencing. The presence of a Gal4AD-fused wild type or mutant JunD protein in yeast was analysed by Western blot analysis using an antiGal4AD antibody (data not shown). Some of the fusion proteins were truncated due to nonsense codons or deletions. Only those plasmids that encoded protein of the expected size with likely missense mutation(s) were further analysed. Three independent plasmids that expressed protein of the appropriate size had mutations in human JunD at amino acid residue 34 (G34R, G34E) along with one other missense mutation in each insert (P37S, A40T, and M44I respectively). These two human JunD G34 substitutions were engineered into the corresponding amino acid G42 (Figure 1 ) in full length mouse JunD via site-directed mutagenesis. Because full length human JunD as PCR template rarely yields product, mouse JunD was used for further analysis. Full length mouse JunD possessing mutations Note the paucity of homology between JunD and c-jun within their ®rst 70 amino acids. Amino acids in boldface were mutated using site-directed mutagenesis. The human counterpart of the underlined mouse JunD amino acid G42 (G34 in human), was found altered to G42E and G42R via random mutagenesis and reverse yeast two-hybrid selection. Missense mutations at amino acids labeled with a boldfaced`+' caused lack of interaction with menin (P41A, G42R, G42E, P44A) G42R and G42E did not interact with menin in the yeast two-hybrid analysis.
Alanine scanning mutagenesis of mouse JunD amino acids critical for menin binding
Multiple sequence alterations were present in individual fragments generated by random mutagenesis. This made it dicult to discern which mutation/s was responsible for disruption of menin interaction. Since the random mutagenesis method had identi®ed mouse JunD amino acid G42 as important for menin binding, the region¯anking residue 42 was studied by alanine scanning to identify any additional mouse JunD amino acids that could be required for menin binding. Most (13 out of 16) of the mouse JunD amino acids between residues 30 ± 55 unique to JunD when compared to cjun and conserved between mouse, human and rat JunD, were included in the alanine scanning ( Figure 1 ).
Thirteen amino acids were changed to alanine using site-directed mutagenesis of mouse JunD (Figure 1 ). Yeast two-hybrid analysis showed that eleven of the thirteen alanine mutants were capable of binding menin, as assessed by their inability to survive in 5-FOA containing media and blue colonies in bgalactosidase assay. P41A and P44A did not interact with menin. In contrast to the two non-interacting mutations at G42 previously identi®ed by random mutagenesis (G42R and G42E), the G42 to alanine (G42A) mutation did not inhibit menin interaction. This presumably re¯ects the conservative nature of the glycine to alanine change. Expression of each of the four menin non-interacting JunD mutant proteins in yeast cells was con®rmed by Western blot analysis (data not shown).
In vitro binding assays between menin and JunD mutants
To con®rm the lack of interaction observed in the yeast two-hybrid assay between menin and the 4 JunD mutants P41A, G42R, G42E and P44A, in vitro binding was tested by FLAG pull-down assays ( Figure  2a ). In vitro translated (IVT) wild type or mutant JunD labeled with 35 S-methionine were tested for interaction with FLAG-menin or FLAG-BAP (negative control) coupled to anti-FLAG beads. In agreement with the results obtained above with the yeast two-hybrid experiments, wild type JunD and the mutant G42A were retained by FLAG-menin and not FLAG-BAP, while the 4 JunD mutants were not retained by FLAGmenin or FLAG-BAP. The integrity of the wild type and the mutant IVT products was also tested for dimerization to JunD by GST pull-down assays. Each of the wild type and mutant JunD proteins was retained by GST-JunD but not by GST alone (data not shown).
Recombinantly-expressed and puri®ed menin and JunD proteins, GST-wtJunD (1 ± 104) or GST-G42E (1 ± 104), were studied by size-exclusion chromatography on a Superdex 200 column. Menin and GSTwtJunD (1 ± 104) co-migrated in the same fractions (Figure 2b ) while menin and GST-G42E (1 ± 104) eluted as two distinct peaks (Figure 2c ), indicating that a single point mutation is sucient to decrease or eliminate binding in solution between menin and wtJunD (1 ± 104).
Effect of menin on transcriptional activity of JunD mutants
Each of the 15 JunD mutants engineered into pcDNA3.1 mouse JunD (13 alanine mutants and the two mutants identi®ed by random mutagenesis) was analysed for its ability to activate transcription from an AP1-reporter plasmid (pAP1, containing seven copies of TGACTAA as the consensus TRE upstream of a minimal TATA and luciferase as the reporter). HEK293 cells were transiently contransfected with pAP1 and a jun expression plasmid (JunD, c-jun or JunD mutants), with or without menin expression plasmid pCMV sportMenin (Figure 3a) . All of the JunD mutants retained their ability to activate transcription, albeit with signi®cant variations in their activity (0.2 ± 1.2-fold) compared to wild type JunD indicating that regions outside the three transcriptional activation domains (aa 2 ± 9, 95 ± 108, 132 ± 146) may also be important for transcriptional activation. As Figure 2 In vitro analysis of mouse JunD (wild type or mutant) interaction with menin. (a) FLAG pull-down assays. FLAGmenin or FLAG-BAP coupled to anti-FLAG agarose beads was incubated with 35 S-methionine labeled wild type or mutant JunD. Wild type JunD and the JunD mutant G42A were retained by FLAG-menin and not FLAG-BAP, while four JunD mutants failed to bind FLAG-menin or FLAG-BAP. Input lane contained 10% of IVT material incubated with the beads. (b) and (c) Size exclusion chromatography. Recombinant puri®ed menin was incubated with GST-wtJunD(1 ± 104) or GST-G42E(1 ± 104), and loaded onto a Superdex 200 column. The column was run at 50 ml/min and 50 ml fractions were collected. The fractions were analysed by SDS ± PAGE. The fraction numbers (20 ± 29) indicate elution time in minutes. The void volume of the column is 0.92 ml, corresponding to fraction 18. Unbound GST-wtJunD(1 ± 104) and GST-G42E(1 ± 104) elute at about 24.5 min, corresponding to an approximate molecular weight of 300 kDa. Unbound menin elutes at about 27.5 min, corresponding to a molecular weight of about 145 kDa. The formation of a menin-JunD complex is indicated by a shift in migration position of both proteins to a higher molecular weight species eluting before 24 min in (b). This shift is not seen with the G42E point mutant (c). The numbers on the left of both panels are SDS ± PAGE molecular weight markers (kDa) that were loaded in the ®rst lane previously reported, menin coexpression inhibited wild type JunD-mediated transcription but augmented c-junmediated transcription . Menin repressed the transcriptional activity of 11 of the JunD mutants that retained menin binding activity, while menin did not eectively repress the activity of the four menin-interaction de®cient mutants (P41A, G42R, G42E, P44A). Transactivation from the G42A mutant, that retained its ability to bind menin, was repressed moderately by menin. All of the JunD mutant proteins were expressed at equal levels when transfected alone or together with menin ( Figure 3b) .
Having identi®ed four JunD mutants whose transcriptional activities were not eectively repressed by menin (P41A, G42R, G42E and P44A), we tested the responses of the mutants to various amounts of cotransfected menin in 293 cells (Figure 4a) . We expected the transcriptional activity of the mutants to increase with increasing concentrations of menin as observed for c-jun. This, however, was not the case. When 293 cells were transfected with pAP1 and mutant JunD expressing plasmid, cotransfection of low amounts of menin expression plasmid caused an initial increase in transcriptional activity of P41A, G42R, and G42E. With higher amounts of menin expression plasmid, the augmentation eect of menin was diminished (Figure 4a ). Despite this diminished augmentation, the transcriptional activities of three mutants (P41A, G42R, and G42E) were never actually repressed to levels below their baseline activity. Menin was signi®cantly less eective in repressing the activity of the mutant P44A compared to wild type JunD. As observed for wild type JunD, the transcriptional activity of the mutant G42A which can interact with menin was repressed with increasing amounts of transfected menin, but the level of repression was lower than that for wild type JunD. The level of protein expression of JunD and JunD mutants detected by Western blot was unaected by changes in amounts of cotransfected menin (Figure 4b ).
Discussion
The N-terminal region of JunD is necessary for interaction with menin and for menin-mediated inhibition of JunD transcriptional activity . So far there are no known naturally occurring JunD mutations that disrupt menin-JunD binding and cause MEN1 or associated spontaneously occurring tumors.
In the present study, we have employed two complementary strategies, random mutagenesis and alanine scanning, to identify some amino acids in the N-terminal region of JunD responsible for JunD interaction with menin. Mouse JunD amino acid residues P41, G42 and P44 were found to be critical for JunD interaction with menin. Certain mutations (P41A, G42R, G42E and P44A) of these residues disrupted menin binding. In functional assays, transactivation from three of the non-interactors (P41A, G42R and G42E) was not inhibited by menin. This result con®rms that these mutations prevent eective JunD binding to menin. In addition, similar to the eect of menin upon c-jun, cotransfection of lower amounts of menin increased the transcriptional activity of three JunD mutants that lacked menin binding. P44A did not show interaction in yeast or in vitro, and its transcriptional activity was repressed less eectively by menin. The conservative change of mouse JunD glycine 42 to alanine did not disrupt menin interaction or transcriptional repression by menin. We cannot exclude the possibility that amino acid substitutions other than the alanines we created might aect menin binding, or menin's ability to regulate transcriptional activity. It is perhaps important that the critical JunD region for menin interaction (mouse amino acids 41 ± 44), identi®ed herein is conserved among the JunD proteins and absent in c-jun (Figure 1b) . The crystal structure of the N-terminal region of JunD or c-jun has not been deciphered, therefore the variability in transcriptional activity of the mutants compared to wild type JunD cannot be related to their positional eect on the transcriptional activation domains.
c-jun and JunD have been reported to play at times opposite roles in cell proliferation and transformation with overexpression of JunD counteracting and c-jun overexpression promoting cell transformation (Castelazzi et al., 1991; Pfarr et al., 1994; Lallemand et al., 1997) . The JunD mutants described here (except P44A) that have lost menin interaction also show augmented transactivation in the presence of menin (like c-jun). We have proposed that menin and JunD could synergistically exert their tumor suppressor function via menin-JunD interaction . Since the mutant JunD N-terminus has lost the ability to interact directly with menin and therefore is not repressed by menin, it may have gained c-jun-like properties of cell transformation and proliferation. In preliminary experiments, we therefore generated NIH3T3 stable cell lines with two dierent JunD mutants P41A and G42R. The levels of expression of mutant JunD obtained in the stable cells was increased only two fold. No signi®cant dierence in morphology, proliferation or colony formation in soft agar was observed in three dierent stable cell lines transfected with each of the mutants P41A or G42R when compared to wild type NIH3T3 cells (not shown). It will be important to perform further analysis with stable cell lines that express higher amounts of transfected protein.
In the present study, the eect of menin on JunD mutants vs c-jun, both of which lack direct menin interaction, diered in that increasing amounts of transfected menin induced a linear increase in transcriptional activity with c-jun, this was not the case with the JunD mutants. These results raise questions regarding the role of menin in transcriptional regulation. Menin could have both JunD dependent and JunD independent eects on transcription as evidenced by its dierent eects on wild type JunD and c-jun activity. In the case of the JunD mutants that lack menin interaction, the JunD independent menin eects may dominate in the presence of low menin amounts, thus producing transcriptional augmentation. In the presence of higher amounts of menin, the JunD dependent eects may take over and menin is unable to augment transcriptional activity. In this regard, the JunD mutants (that lack menin interaction) might eectively be Km mutants which present JunD dependent eects of menin in the presence of very large amounts of menin. This notion is supported by the behavior of the P44A mutant which could be more sensitive to menin concentration and likely capable of interacting with menin at higher concentrations of menin. JunD may well have menin-independent functions, some of which may be relevant to its role in oncogenesis. The mutant JunD proteins described in this report could prove useful in separating the menindependent and -independent roles of JunD.
In conclusion, we have discovered critical amino acids within the N-terminus of JunD that are essential for menin binding and for menin's eect on the regulation of transcription. This information will be useful in determining whether elimination of the JunDmenin interaction is enough to cause cellular transformation and perhaps even cause tumors. These mutant JunD proteins will be useful in understanding the importance of the menin-JunD interaction for the antimitogenic eects of JunD and also for the tumor suppressor function of menin.
Materials and methods
Random mutagenesis and yeast reverse two-hybrid library screening
The N-terminal 70 amino acid region of human JunD was ampli®ed by forced PCR (Fromant et al., 1995) using pACT2-JunD (1 ± 70) as template and Taq gold (Perkin Elmer, Foster City, CA, USA). Brie¯y, to decrease the ®delity of the Taq polymerase and induce base mismatches, a ®nal concentration of 9.5 mM MgCl 2 and 0.5 mM MnCl 2 were added to a 50 ml PCR reaction mix. With the aforementioned conditions, four dierent PCR reactions were performed, each containing 0.2 mM of dNTPs and 3.4 mM of one of the following: dATP, dTTP, dCTP, or dGTP. Thermocycler conditions were as follows: 928C for 10 min, 30 PCR cycles (948C for 30 s, 608C for 30 s, 728C for 1 min), and a ®nal extension for 5 min at 728C. PCR products were shotgun cloned into the pACT2 yeast vector using the restriction sites incorporated in the primer sequences. Transformants were pooled as a library, and plasmid was puri®ed with the Maxi Prep Kit (Qiagen, Valencia, CA, USA). MaV203 yeast competent cells (Life Technologies, Gaithersburg, MD, USA) were co-transformed with 1 mg each of puri®ed pooled plasmid DNA and pAS2-1 menin (menin fused to the Gal4 DNA binding domain) as per manufacturer's protocol. Transformed yeast was plated on -trp-leu+5FOA agar plates to select for colonies in which the mutant JunD and menin did not interact. b-galactosidase assays (Clontech, Palo Alto, CA, USA) were performed to con®rm the lack of interaction. Random colonies growing on -trp-leu+5FOA agar plates were used for plasmid isolation (Stratagene, La Jolla, CA, USA), and were sequenced to identify the mutations. Western blot was performed as described to con®rm expression of the Gal4AD-mutant JunD fusion proteins.
Site-directed mutagenesis and alanine scanning
Fifteen sequence alterations ± G30A, G31A, F33A, G37A, P41A, G42A, G42E, G42R, P44A, P45A, T46A, S48A, K51A, D53A, L55A ± were generated in full length mouse JunD using pcDNA3.1-mouse-JunD as template with the Quikchange Mutagenesis kit (Stratagene). Two of these mutants, G42R and G42E, were originally found through the above library screen in human JunD (G34R and G34E), and were engineered into corresponding amino acid G42 of mouse JunD. All primer sequences are available upon request. Mutagenesis was performed as per the manufacturer's protocol. DNA was sequenced with the AmpliCycle Sequencing Kit (Perkin Elmer), using 33 P-end labeled primers, to ensure that that the proper mutations had been created.
Yeast two-hybrid analysis of JunD mutants
For yeast two-hybrid interaction with Gal4DBD-menin fusion, each of the 15 site-directed mutated JunD inserts was PCR ampli®ed with appropriate primers and cloned inframe with the Gal4-AD into the pACT2 yeast two-hybrid vector. The same procedure used above for randomly mutated human JunD was used to test expression and interaction of the site-directed mouse JunD mutants with menin.
FLAG and GST pull-down assays
Menin was fused at its N-terminus with the FLAG epitope by subcloning the 610 amino acid menin coding region into the vector FLAG-MAC (Sigma, St. Louis, MO, USA). The plasmid construct expressing FLAG epitope-tagged bacterial alkaline phosphatase (FLAG-BAP) was purchased from Sigma as a negative control. FLAG-menin or FLAG-BAP fusion protein was puri®ed on anti-FLAG M2-agarose beads (Sigma) as per the manufacturer in buer containing 16 TBS, 10% glycerol, 0.1% Igepal (Sigma) and complete protease inhibitor cocktail (Boehringer Mannheim, Germany).
In vitro translated (IVT) wild type and mutant JunD proteins were made using the TNT T7 Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA) in the presence of [ 35 S]Methionine. Puri®ed FLAG-menin and FLAG-BAP beads (2 mg each) were incubated with 8 ml of IVT mouse JunD or the ®ve mutants with rotation at 48C overnight. Beads were washed eight times in wash buer (500 mM NaCl, 0.1% Igepal, 20 mM Tris-HCl pH 8.0), with centrifugation (3000 r.p.m. for 5 min) between each wash. Beads were resuspended in 30 ml of SDS ± PAGE loading buer and heated for 10 min at 958C. Samples (30 ml) were separated in 10% Tris-Glycine gels (Novex, San Diego, CA, USA). Input lanes of IVT protein contained 10% of the amount incubated with the beads. The gels were removed on Whatman ®lter paper, dried and exposed to X-ray ®lm.
GST pull-down assays were performed as described . Radiolabeled IVT JunD, or JunD mutants were incubated with GST alone or GST-JunD coupled to glutathione sepharose beads and processed as for the FLAG pull-down assay.
Co-migration analysis
Menin coding region was cloned in-frame with the Cterminus of a six histidine tag in the EpiTag/His vector (Invitrogen, Carlsbad, CA, USA). His-tagged menin was expressed in E. coli BL21(DE3) cells and puri®ed by anity chromatography on Chelating Sepharose (Amersham Pharmacia, Piscataway, NJ, USA), according to the manufacturer's protocols. Further puri®cation was carried out by anion exchange chromatography. The His-tag was removed by thrombin cleavage at 48C (Hickman et al., 1999) using 10 units thrombin (Sigma) per mg of menin.
The N-terminal 104 amino acids of mouse JunD or mouse JunD mutant G42E were PCR ampli®ed and cloned in-frame with the C-terminus of GST into pGEX3X, and called GSTwtJunD(1 ± 104) and GST-G42E(1 ± 104). The GST-fusion proteins were expressed in BL21(DE3) cells and puri®ed by anity chromatography (Hickman et al., 1999) on glutathione Sepharose 4B (Pharmacia).
The puri®ed proteins were dialyzed against 20 mM Tris pH 7.5, 0.5 M NaCl, 1 mM DTT, 1 mM EDTA, 10% (w/v) glycerol prior to size-exclusion chromatography. The puri®ed GST-wtJunD(1 ± 104) or GST-G42E(1 ± 104) proteins at approximately 1 mg/ml were mixed with a 1.5 molar excess of menin and incubated at 48C for 30 min. The mixture was applied to an analytical gel ®ltration Superdex 200 PC 3.2/ 30 column (Pharmacia) run at 48C. The eluted fractions were analysed by SDS ± PAGE on 4 ± 12% NuPAGE gels (Novex).
Cell culture HEK293 cells were grown in DMEM (Dulbecco's modi®ed eagle medium) supplemented with 10% fetal calf serum and 2 mM glutamine, 100 mg/ml penicillin-streptomycin at 378C and 5% CO 2 . Transient transfection was carried out with Superfect reagent (Qiagen) as per the manufacturer.
AP1 reporter assays
HEK293 cells were seeded in 6-well plates 24 h prior to transfection and grown to 60 ± 75% con¯uency. Cells were transfected with 0.5 mg of the reporter plasmid pAP1, 0.5 mg of either pcDNA3.1 mouse JunD, pcDNA3.1 mouse JunD mutants, or pcDNA3.1 c-jun, and 2 mg of either pCMVsportMenin or empty pCMVsport vector. Cells were lysed 2 days post-transfection and Luciferase activity was measured with Luciferase Assay Reagent as per the manufacturer (Promega). The results were normalized to correct for dierences in protein content. Results from each experiment were plotted as average luciferase activity with standard error.
To study the dose response of menin on c-jun, JunD or JunD mutant activity, the same protocol as above was followed, with varying amounts of pCMVsportMenin ± 0.2, 0.6, 1 and 2 mg.
Equivalent levels of DNA in all transfections were maintained with an appropriate amount of empty pCMVsport or pcDNA3.1 vector. All transfections were performed at least twice in duplicate or triplicate with at least two independent DNA preparations.
Equal amounts of cell lysate were analysed by Western blot with anti-JunD (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-menin (SQV) antibodies (Guru et al., 1998) , to compare expression levels.
